The Great Lakes ore carrier fleet is rapidly approaching block obsolescence in a period when serious competition from foreign ore deposits is holding freight rates at a depressed level, restricting normal ship replacement. J. F. Meissner aptly describes the situation in a recent paper."
However, the tonnage of ore to be carried by the Great Lakes fleet will continue to be significant and it behooves marine designers to develop practical ships that will increase earnings in a fixed freight rate market.
SHIP REQUIREMENTS
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follow the recent dramatic increases of ocean-going carriers, owing to restricted drafts and lock dimensions. The restrictions now allow passage of vessels in both the Great Lakes and the St. Lawrence Seaway with the following dimensions:
730 ft long, 75 ft beam and a draft restricted to 26 ft. These vessels will carry 25,000 long tons of ore per voyage. With the short season and unavoidable delays, it is estimated that the ships will be able to make 35 round trips per season, Table 1 , from the "Head of Lakes" to the ore-receiving ports at an operating, loaded speed of 16.5 mph. Each ship would be able to transport 875,000 tons, and with the need to transport 27 million tons, approximately 30 new vessels are required. A propulsion plant rating of 8000 shp is needed to satisfy the speed requirement.
ECONOMIC INCENTIVE
The need for new construction is apparent, but shipowners are reluctant to contract owing to marginal returns. Recent new vessels have had oil-fired boilers with steam-turbine propulsion systems and have given minimal returns on investment. It is the purpose of this study to show that a gas-turbine propulsion system will give added savings in initial cost and reduced operating costs, so that the return on investment will be nominal instead of marginal.
At present, 60 million tons of ore are transported annually in approximately 140 ships. Most of these ships are more than 30 years old. Fifty-two ships were built between 1942 and 1961, with an annual cargc carrying capacity of approximately 33 million tons, when adjusted for unavoidable delays.
2 Therefore, there is a current need for new ships to economically carry 27 million tons annually. The size of Great Lakes ore carriers cannot 1 "World Development and Movement of Iron Ore," by J. F. Meissner, SNAME paper presented in Duluth June 22, 1962.
2 "Current Trends in the Design of Iron-Ore Ships," Section 3, by E. B. Williams, SNAME paper presented in Duluth, June 22, 1962.
SPECIAL GREAT LAKES REQUIREMENTS
With the requirements and incentives known, the engineer must study in depth such preliminary design considerations as machinery reliability, fuel consumption, maintenance, crew availability and any special restrictions of the trade route.
Investigation shows that conditions on the Great Lakes are indeed unique and tend to favor gas turbines. The predominant factor is the relatively short annual period of operation due to freezing of the Lakes, which allows approximately 230 "open season" days. The second factor is the relatively short durations at sustained speed during any one voyage. Table 1 shows a typical voyage and the short lengths of time between maneuvering or restricted-speed operation. This type of operation penalizes both steam and diesel-propulsion systems. The relatively low ambient air temperatures favor the gas turbine, and the lack of cooling-water requirement obviates the need of freezing protection during early and late operation as well as lay-up. The lack of a salt atmosphere and the availability of a good grade of bunker C fuel, relatively low in sodium and vanadium, reduce machinery design problems.
In the development of the machinery list (see Appendix) several items and requirements appear that will seem strange to ocean-vessel designers. These include ratings of steering gear and ballast pumps.
MACHINERY REQUIREMENTS AND SELECTION
In selecting the main propulsion machinery, the basic criteria are low initial cost, low fuel cost, high reliability, maximum maneuvering capability, low maintenance cost, and minimum operating personnel. It is recognized that "trade-offs" must be made in these areas of analysis.
Stoker firing of coal is eliminated owing to initial cost and maintenance. Main propulsion diesels with controllable-pitch propellers are eliminated because of initial and fuel costs with a relatively low use factor in the power range required.
Recent new construction for this trade has been powered by oil-fired steam boilers with steam turbines at 450 psig and 750 F. The lower steam conditions are dictated by the power range, initial costs and use factor.
The success of the Marad program in developing and operating the gas-turbine engine in the GTS John Sargeant 3 has paved the way for accepted use of this propulsion system.
In view of the foregoing, this paper is undertaken to evaluate an 8000-shp open-cycle, regenerative gas-turbine propulsion plant against the present modern ore carriers with 450 psig and 750 F steam-turbine plants. Owing to the availability of "Mid-Continent" bunker C fuel, both plants burn the same fuel.
Since this steam plant has been in operation for a number of years on the Lakes, no attempt will be made to outline the design steps. However, it is necessary to develop the gas-turbine plant for this specific use.
The first step in the machinery design is to develop a preliminary machinery list (Appendix). All items of machinery must be listed with their electrical or auxiliary steam requirements. Dur-3 "Report on 9000 Hour Operation of Marine Propulsion Gas Turbine in the John Sargeant," by H. D. McLean, C. C. Tangerini and W. H. Van Cott, ASME Paper No. 60-GTP-5, March 6-9, 1960. ing the first analysis it was not decided whether to use gas turbine-electric propulsion or geared drive with a controllable and reversible-pitch propeller. Another "open" item was the use of gas turbines or diesels for the auxiliary generators.
Further study shows that the installed cost of an electric propulsion unit is only slightly higher than a geared drive with a CP & R propeller. The availability of a large electrical capacity for self-unloading by use of the main propulsion generator in port, favors the electric drive and this unit was accepted. Either type of drive is superior to the steam plant in ship maneuvering.
Prior to making a final decision on the auxiliary generator, an electrical load analysis, Table 2 , was made. It was necessary to delineate the operating conditions which require the maximum loads. The use factors are applied to compensate for differences between motor frame size ratings and BHP requirements and to account for intermittent operation of certain units. Generators should be sized so that the calculated load is less than 85 percent of their ratings. One generator should not be in use underway, while both units may be used in port. Generators of 300-kw are necessary for the gas-turbine plant, whereas 500-kw units would be needed for steam due to the extra electrical load required by the steam plant; i.e. forced-draft blowers, condenser circulating pumps and condensate pumps. An economic analysis shows that the diesel generator is favored over the gas-turbine unit, at this time, because of the relatively low cost of the diesel unit. It should be pointed out that 300-kw diesels are being manufactured at a high rate and, therefore, at a low specific cost. This is not true for the main propulsion unit.
In specifying the main propulsion unit, the size, weight and cost of the regenerator must be balanced against gain in thermal efficiency. An 85 percent effectiveness appears to be the "break point," and it was used in this study.
An auxiliary steam-load estimate was prepared in order to size the boiler. This load consists of fuel-oil heating, shipts heating, and galley load. A 2000-1b/hr unit is indicated and a wasteheat boiler is utilized. A packaged boiler is installed for winter lay-up, port and stand-by purposes.
Even though the anticipated fuel is low in sodium and vanadium, a fuel-treatment system is installed. The complete system may not be used but the author feels that the ship should have the capability of burning a lower grade fuel if necessary.
Other machinery required for the gas-turbine electrical system includes propulsion generator and motor, exciters, stand-by cooling pump and fuel-oil service pumps. The balance of the equipment in the Appendix is similar to that required by the steam powered ship.
MACHINERY ARRANGEMENT AND INSTALLATION
Two gas-turbine arrangements are shown in Figs. 1 and 2 for comparison purposes. The first is the preferred electrical system while the second shows a geared drive with a CP propeller. Either system allows ample room for all equipment within the box length of the steam-turbine machinery. No attempt has been made to shorten the steam space but this could be accomplished.
The fuel-treatment equipment on the GTS John Sargeant was installed on the lower level and required extra effort on the crew's part for surveillance. The equipment has been moved to the operating level close by the operating station in this design.
The gas-turbine and engine accessories are base-mounted at the manufacturer 1 s plant, Fig.3 . With the extreme reduction in auxiliaries and piping required for the steam plant, and because of assembled units, the installation time is less than half of that required for a steam plant of comparable size. A complete machinery installation time budget has been drawn up since it will be a determining factor in the cost analysis, Table 4 .
FUEL-OIL REQUIREMENTS
The steam-cycle fuel consumption was calculated by the heat-balance method for normal and quarter powers. The gas-turbine plant fuel consumption is computed by the NEMA standard method as shown in Table 3 . It will be noted that it is necessary to adjust the propulsion fuel rate for the diesel generators and allow for the difference of higher heating value of diesel oil to put both plants on a comparable basis.
A study of ambient temperatures for Great Lakes operation has been made and the average mean temperature during the total season is 54 F.
The base fuel rate for the steam cycle is 0.620 lb/shphr against 0.543 lb/shphr for the gas turbine at 8000 shp. Both must be adjusted for sea factors of 10 percent since the calculated base is considered for trial conditions in smooth water. An additional 13 percent has been charged against the steam plant and is called a "settling" factor. This factor is to account for handling of the plant in periods of maneuvering and lock and river trans- 
Gas Turbine fuel oil rate (LES/BHP-HR) -HHV x Base Power
Where: HHV = higher heating value of fuel oil -BTU/LB tion on diesel oil at the beginning and end of each voyage. Plots of all purpose fuel consumption are shown in Fig.4 .
CREW REDUCTION pulsion system. A precedent for this reduction has been established by the manning of the GTS John Sargeant. The annual savings will amount to $19,0004 based upon a 35-week work year at $150 per week per man including overtime, subsistence at $2.00/day/man and burden estimated at 10 percent of wages.
FUTURE AUTOMATION PROSPECTS
The gas-turbine plant lends itself ideally to automation and bridge control. A marked decrease in total ship personnel may be accomplished by automation of the main propulsion plant, semi-4 All costs and prices quoted in the paper Automation is not considered in the present represent estimates at the time of writing. The design, but a crew reduction of three personnel is savings, taken in context with complete ship esaccomplished owing to the simplicity of the protimating, should prove conservative. automation of auxiliaries, up-grading equipment for reduced surveillance and maintenance and by splitting the crew into watch standers and maintenance men, disregarding the present split of deck and engineering personnel. It is estimated that the ship could be readily operated with a crew of 18 men. The technical capability is now available but it will take considerable time to work out this reduction with the personnel regulating organizations. The returns from crew reduction are marked in lower annual operating costs and increased revenue due to lower ship weight. The initial cost will be 10 percent greater than a nonautomated Great Lakes vessel but the crew costs will be reduced by 50 percent. The added cost of automation and up-graded equipment is 25 percent greater than a nonautomated ship but 15 percent is regained through reduction of deckhouse and outfit required by the larger crew. On a future ship, the forward deckhouse would be eliminated and a bridge-aft arrangement used. The weight saved would be approximately 400 tons, which would be translated into increased cargo-carrying capacity, in addition to reduced initial cost.
MAINTENANCE
Steam-plant maintenance is well defined due to the number of units in service for an extended period of time. It is more difficult to put firm figures on the gas-turbine plant since only one unit has been installed in marine service. However, over 200 similar units have been installed in industrial, locomotive and power-generation applications with over 4 million hours of operation. From the maintenance records of these units, plus experience obtained with the GTS John Sargeant, it is estimated that the gas-turbine plant will have 20 percent lower maintenance costs. Since the number of auxiliaries and amount of piping in the gas-turbine plant are significantly less than a steam plant with its steam, condensate, and circulating systems, it is estimated that fitout and layup costs will be reduced by 10 percent.
ECONOMIC GAINS
The prime controlling factor in merchant ship design is the financial return on investment. The premise of the study, as stated previously, is to show that a greater return is available to the Great Lakes' shipowner through the use of a gas-turbine propulsion system. Table 4 demonstrates that although the initial cost of gasturbine machinery is higher than steam machinery, the installed cost is lower by $278,000 due to more simple and base-mounted machinery. Table 5 summarizes the reduction of annual operating cost. The reduction, $57,000, is approximately 8 1/2 percent of the total annual operating cost of the ship, exclusive of depreciation and interest expenses. However, an additional gain is available through reduced ship weight. Table 6 shows a new reduction of 210 tons which translated into additional cargo revenue is $14,700 per year on 35 voyages. Table 7 summarizes initial cost reduction, annual operating cost reduction and increased annual revenue. When the additional revenue is added to reduced annual operating costs there is a net gain of approximately 10 1 /2 percent, in addition to the reduction in initial cost.
CONCLUSIONS
1 There is a current need for approximately 30 new vessels in the American Great Lakes bulk carrying trade. These vessels should be 25,000-dwt vessels in order that they will be able to transit the St. Lawrence Seaway as well as the Soo Locks.
2 The gas-turbine propulsion plant should be seriously considered by any marine designer for future Great Lakes new construction.
3 An electric drive will prove to be the best selection for a self-unloading vessel, while a geared drive with controllable-pitch propeller should also be investigated for a vessel to be unloaded by shore equipment. 4 The gas-turbine plant will show lower initial and annual operating costs than the present steam plant used in modern Great Lakes bulk carriers.
5 The existing gas-turbine plant allows crew reduction and offers a potential for greater reductions through automation and bridge control. 
